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Abstract
The inclusion of higher-dimensional gauge invariant operators induces new Lorentz
structures in Higgs couplings with electroweak gauge boson pairs. This in principle
affects the kinematics of Higgs production and decay, thereby modifying the efficiencies
of the experimental cuts compared to what simulations based on the standard model
interactions yield. Taking some sample cases, we perform a rigorous analysis of how the
efficiencies differ for various strengths of the additional operator vis-a-vis the standard
model interactions, scanning over the values of both of them. While the response
to cuts can be markedly different in some regions, we find that the sensitivity to new
operator structures is relatively limited, so long as we remain confined to the 2σ regions
around the best fit signal strengths measured at the Large Hadron Collider. We also
show modifications to certain kinematical distributions including the new operators in
the diphoton final state.
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1 Introduction
After the discovery of a new boson with a mass around 125 GeV at the Large Hadron Collider
(LHC) [1, 2], there have been numerous studies attempting to pin down its properties,
namely, its spin-parity and its couplings to standard model (SM) particles [3, 4, 5, 6, 7, 8].
The bosonic decay modes of this particle have been analyzed with greater precision than
the fermionic modes by both the ATLAS and CMS collaborations, since the latter requires
much more statistics and possibly the application of new search strategies. The signal-
strengths reported in various channels by the experiments are broadly consistent with the
SM predictions within about two standard deviations, and a preliminary analysis of spin-
parity using the ZZ∗ → 4ℓ channel suggests that a CP-even scalar hypothesis is favoured
over other alternatives [9]. Therefore, the accumulating evidence is in favour of an SM-like
(JPC = 0++) Higgs boson, and we are going to assume so henceforth. Global fits of the Higgs
data have been used by both experimentalists and theorists to derive bounds on possible
deviations from the SM. Such deviations in the Higgs couplings can be parametrized either
by including a multiplicative (or additive) constant to the SM coupling, or by including new
Lorentz structures not present in the renormalizable SM Lagrangian. In the framework of the
SM as an effective field theory valid below a cut-off scale Λ, higher-dimensional operators
involving the SM fields and invariant under the SM gauge group can be used to capture
possible new physics effects. A complete list of such operators has been written down in
Ref. [10], while a minimal basis has been obtained rather recently in Ref. [11]. Such an
approach is valid as long as there is no new light degree of freedom coupled to the SM sector
below the scale Λ. Null results in LHC searches for new particles provide some motivation
for this approach, although the presence of new particles charged under the SM gauge group
is still viable even with masses around the electroweak symmetry breaking scale. Henceforth,
we assume that there is no such new state, and work with the SM Lagrangian supplemented
with dimension-6 operators involving SM gauge bosons and the SM Higgs doublet. As is
well-known, although there exists one possible dimension-5 operator, it plays a role only in
the generation of neutrino masses.
Electroweak precision measurements constrain the overall strength of the operators in-
volving SM electroweak gauge bosons [12, 13]. However, such constraints come from one-
loop contributions of these operators to the self-energy diagrams of the gauge-bosons,
parametrized in terms of the so-called oblique corrections [14, 15]. In contrast, the Higgs
boson couplings to W, Z or photon pairs can be affected at the tree level itself by a class
of such operators, and therefore, it is possible to impose stronger constraints on their co-
efficients using the already accumulated LHC Higgs data. This fact has been observed in
several studies performing global fits to the Higgs data, and deriving limits on the operator
co-efficients [16, 17, 18]. However, in most cases, these studies make an important assump-
tion, namely, that the efficiencies of experimental cuts used for various final states are the
same as the corresponding efficiencies in the SM case. To understand where the efficiency
of experimental cuts enter the global fits, let us recall that the global fits are performed by
comparing the experimentally observed signal strength (µˆXX¯) in a channel XX¯ with the cor-
responding signal strength predicted by a particular framework beyond the standard model
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(BSM), µXX¯ , which is defined as
µXX¯ =
[
σ(pp→ H)× BR(H → XX¯)× ǫXX¯
]
BSM[
σ(pp→ H)× BR(H → XX¯)× ǫXX¯
]
SM
, (1)
where, ǫXX¯ denotes the efficiency of the experimental cuts applied to select a particular
final state. Although the assumption that (ǫXX¯)BSM = (ǫXX¯)SM can be justified if the Higgs
couplings only receive a multiplicative modification to the SM one, it is not a priori clear
whether such an assumption holds after the inclusion of dimension-6 operators. This is
because these operators bring in new Lorentz structures to the Higgs-gauge boson couplings,
which in turn modify the distributions of kinematic variables on which these cuts are imposed.
Some of these distributions have been used in earlier studies, with special emphasis on the
spin-parity determination of the newly discovered particle [19, 20, 21]. In this paper, we
assume JPC = 0++ for this particle, and investigate how additional interaction terms with
gauge boson pairs, gauge invariant and of higher dimension, affect Higgs phenomenology.
With this in view, we subject the contributions of the additional operators to the cuts used
on specific final states. Thus we demonstrate through rigorous Monte Carlo simulations
how much the efficiencies can get modified, and to what extent they alter the bounds on
the operator co-efficients. We use LHC Higgs search studies in the WW ∗ and γγ channels
as examples, implement the cuts used by the ATLAS collaboration in our toy detector
simulation, and determine the modified efficiencies for two such dimension-6 operators1. We
also simultaneously allow the modification of the SM coupling to the weak gauge bosons
by a multiplicative constant, keeping the custodial SU(2) symmetry intact. It should be
mentioned that generically more than one higher-dimensional operator can be present in the
effective low-energy theory with different coupling strengths. In that sense, our study with
one operator considered at a time is illustrative, and focuses on the important effect of new
Lorentz structures in the cut efficiencies. Moreover, the method developed here is of general
utility in studying all possible higher-dimensional operators.
This paper is organized as follows. In section 2, we describe the higher dimensional
operators considered, the modified Higgs-gauge boson couplings that they lead to, and con-
straints on them from electroweak precision tests. In section 3, we describe the set-up of our
Monte-Carlo simulation, including its validation against the ATLAS Higgs search studies in
the WW ∗ channel. The modified decay widths, cross-sections and efficiencies are presented
in section 4, including simple parametrizations of each of these. Section 5 is devoted to
the re-evaluation of constraints on these operators using a fit to the Higgs data in bosonic
channels, while in section 6 we study the modified efficiencies in the associated production of
Higgs. In section 7 we show the modifications to certain kinematic observables in presence
of the new operators. We summarize our findings in section 8.
1For an analysis of the modified efficiencies in the ZZ∗ channel, we refer the readers to Ref. [22].
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2 Dimension-6 operators and electroweak precision
constraints
To illustrate the modification of experimental cut-efficiencies on including new Lorentz struc-
tures in Higgs-gauge boson interactions (henceforth called HV V interactions) we take the
following dimension-6 operators as examples:
OWW = Φ
†WˆµνWˆ
µνΦ
OBB = Φ
†BˆµνBˆ
µνΦ, (2)
where, the field strength tensors for the SU(2)L and U(1)Y gauge groups are
Wˆµν = i
g
2
σa
(
∂µW
a
ν − ∂νW
a
µ − gǫ
abcW bµW
c
ν
)
Bˆµν = i
g′
2
(∂µBν − ∂νBµ) . (3)
Here, Φ denotes the SM Higgs doublet, σa are the Pauli matrices, and g, g′ are the SU(2)L,
U(1)Y gauge couplings respectively. As mentioned in the introduction, the SM HWW and
HZZ couplings can also get modified by a multiplicative factor in a general setting, where,
for example, the SM Higgs doublet is part of a larger scalar sector. We therefore include
the possibility of having the HWW and HZZ couplings modified by the same factor β,
assuming custodial invariance. Since generically, in presence of an arbitrary number of extra
scalar singlets or doublets, β ≤ 1 [23], we scan the range 0 < β ≤ 1 in our analysis. One of
the goals of this study is to determine to what extent β can be different from its SM value of
1, while including new dimension-6 operators. Taking these two modifications into account,
the Lagrangian in the Higgs sector becomes
L = LSM(β) +
fWW
Λ2
OWW +
fBB
Λ2
OBB , (4)
where, the operators OWW and OBB are given by equation 2, and the β dependence of the
SM part comes from the following terms
LSM(β) ⊃ β
(
2m2W
v
HW+µ W
µ− +
m2Z
v
HZµZ
µ
)
. (5)
Here, v denotes the vacuum expectation value of the Higgs field, and H denotes the Higgs
boson. The Higgs couplings in LSM to fermions and gluons are not modified.
Since the new Higgs couplings generated by OWW and OBB, in particular the new Lorentz
structures, are crucial to our discussion, we note down the additional HV V interactions
generated by the operators in equation 2 [12, 13]:
LHV V ⊃ gHWWHW
+
µνW
µν
− + gHZZHZµνZ
µν + gHγγHAµνA
µν + gHZγHAµνZ
µν , (6)
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where, Vµν = ∂µVν − ∂νVµ, for V = {γ,W
±, Z}, and,
gHWW = −
(gmW
Λ2
)
fWW
gHZZ = −
(gmW
Λ2
) s4fBB + c4fWW
2c2
gHγγ = −
(gmW
Λ2
) s2(fBB + fWW )
2
gHZγ =
(gmW
Λ2
) s(s2fBB − c2fWW )
c
. (7)
We have used the shorthand c = cos θW and s = sin θW , θW being the Weinberg angle. The
interaction terms involving the derivatives of the gauge fields bring in momentum dependent
vertices, which are responsible for the modified kinematics in Higgs boson production via
weak-boson fusion and associated production with a W or a Z, as well as the decay of the
Higgs particle to electroweak gauge boson final states. The kinematics is affected most when
the new interactions appear in both the production and decay processes, an example of which
we shall discuss in sections 3 and 4. We should remark here that in gHγγ, only the new tree-
level terms generated due to OWW and OBB have been considered. There will be additional
contributions coming from the W boson loop (apart from the SM contribution modified by
the inclusion of β, which we take into account), since now the HWW coupling also involves
momentum-dependent terms. However, on naive power-counting in the number of loops and
derivatives, these contributions are sub-leading, and the new divergences arising from this
loop diagram will be cancelled by the next higher-order terms in the derivative expansion2.
With the current level of precision in the data, such terms can be safely neglected. Finally,
though we have noted the new contribution to the HZγ vertex for completeness, there is no
data in this channel so far, and therefore, the effect of the modification to this channel is
sub-dominant.
The operators OWW and OBB contribute to the so-called Peskin-Takeuchi STU parame-
ters [14, 15], and are therefore constrained by electroweak precision data [12, 13]. Following
Ref. [13], the bounds at 95% C.L., taking one operator at a time, are given by
−24 TeV−2 <
fWW
Λ2
< 14 TeV−2
−79 TeV−2 <
fBB
Λ2
< 47 TeV−2. (8)
These bounds can change once we include the factor β in equation 5. However, as we shall
see, the Higgs data puts much stronger constraints on these two operators compared to the
precision data, and therefore, we do not consider modifications to the precision constraints
in this study.
We note in passing that since the inclusion of the higher-dimensional operators in equa-
tion 4 modifies the HWW and HZZ vertices from their corresponding SM values, this will
spoil the unitarity of VLVL → VLVL (V = W,Z) scattering amplitudes at high energies.
For the values of operator coefficients allowed by the current Higgs data, the violation of
2We thank Adam Falkowski for clarifying this point.
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unitarity appears at energies of a few TeV, with the exact value depending upon the spe-
cific choice of operators [24]. Since the higher-dimensional operators themselves arise from
integrating out heavy fields of mass O(Λ) (for weakly coupled ultra-violet completions), one
expects in general that the presence of these new degrees of freedom in the UV completion
will eventually restore the unitarity of the full theory at high energies.
3 Simulation framework and validation using
H →WW ∗+ ≥ 2j data
As noted in the previous section, we expect in general significant modifications to the kine-
matics in processes where the new Lorentz structures appear both in the production and
decay vertices. An example of such a process is the production of Higgs boson via VBF and
its subsequent decay to WW ∗. The ATLAS collaboration has presented a detailed analysis
of such a scenario in the WW ∗ → ℓ+νℓ−ν¯ channel (ℓ = {e, µ}) in Ref. [25] using the 8 TeV,
20 fb−1 data. The response of SM-type interactions to all the individual cuts can be readily
checked from this analysis, which thus provides a much needed calibration for the simulation
with additional operators. Therefore, we use this channel to set-up and validate our Monte
Carlo as well as our detector simulation code.
We have used FeynRules [26] to extract the Feynman rules from the Lagrangian in
equation 4, MadGraph-5 [27] to generate the parton level events, Pythia-6 [28] for parton
shower and hadronization, and our own detector simulation code for analyzing the hadron-
level events. Jet formation and underlying events have been simulated within the Pythia
framework.
In the study of Higgs boson decaying to WW ∗, followed by the semi-leptonic decay of
the W ’s, the ATLAS collaboration has considered three categories, namely, the production
of Higgs in association with 0, 1, and ≥ 2 jets. In this part of the study, we consider only
the ≥ 2-jet category. According to Ref. [25], vector-boson fusion (VBF) and associated
production with W or Z (called VH) are considered as signals in this category. For the
WW ∗ final state, the VBF channel is picked out in the ATLAS analysis, by requiring a high
invariant mass for the two leading jets in the forward region. The gluon-fusion production
of Higgs is considered as a background. For a detailed description of the experimental cuts
used, we refer the reader to Ref. [25]. To validate our Monte Carlo (MC) simulation, in
tables 1 and 2, we compare the efficiencies of each of the experimental cuts obtained by our
MC in the SM case, with the numbers reported by ATLAS, in the same and opposite flavour
dilepton sub-categories respectively. As we can see from this comparison, our simulations
agree with the ATLAS simulation to within 5% for all cuts except the one on mjj, for which
the difference is ∼ 15%. Our simulation shows a lower efficiency for this cut compared to
ATLAS, and a possible reason for this is our inadequate modelling of detector effects for
jets. Since the purpose of this part of the study is the overall validation of our MC, and in
the subsequent sections we concentrate on the modification of efficiencies after including the
dimension-6 operators within our own MC set-up, this difference is not expected to alter our
main conclusions.
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Cut ATLAS efficiency Our MC efficiency
Nb−jet = 0 0.68-0.76 (0.72) 0.74
ptotT < 45 0.81-0.93 (0.87) 0.88
Z → ττ veto 0.86-1.00 (0.92) 0.95
|∆yjj| > 2.8 0.45-0.51 (0.48) 0.50
mjj > 500 0.61-0.64 (0.62) 0.53
No jets in y gap 0.82-0.86 (0.84) 0.81
Both l in y gap 0.94-1.00 (0.97) 0.95
mll < 60 0.87-0.93 (0.90) 0.95
|∆φll| < 1.8 0.89-0.96 (0.93) 0.92
Table 1: Comparison of the efficiencies of experimental cuts on the signal cross-section in the
H → WW ∗ → ℓ+νℓ−ν¯ channel, for the Njet ≥ 2 category, demanding different flavour leptons
(e+µ− + µ+e−) in the final state. The signal cross-section here refers to the sum of VBF and VH
processes. The ATLAS numbers have been taken from Ref. [25], for which we show the 1σ range
(the central value is written within brackets).
Cut ATLAS efficiency Our MC efficiency
Nb−jet = 0 0.69-0.77 (0.73) 0.73
ptotT < 45 0.84-0.95 (0.89) 0.87
|∆yjj| > 2.8 0.45-0.50 (0.48) 0.50
mjj > 500 0.65-0.71 (0.68) 0.57
No jets in y gap 0.82-0.89 (0.85) 0.81
Both l in y gap 0.92-1.00 (0.96) 0.93
mll < 60 0.85-0.93 (0.89) 0.94
|∆φll| < 1.8 0.88-0.97 (0.92) 0.90
Table 2: Same as table 1, for same-flavour leptons in the final state (e+e− + µ+µ−).
4 Modified efficiencies and signal strengths
After the validation of our MC simulation framework in the previous section, we are now
in a position to determine the modified cut-efficiencies ((ǫXX¯)BSM in equation 1) and signal
strengths µXX¯ using the Lagrangian in equation 4. We first do so in the WW
∗ channel for
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the ≥ 2-jet category considered in section 3, by including only the operator OWW , where
we expect the maximum modification. The efficiency then is a function of the parameters β
and fWW , and is given by
ǫWW ∗+≥2−jets(β, fWW ) =
[σ(pp→ H)VBF+VH × BR(H →WW
∗)]After Cuts
[σ(pp→ H)VBF+VH × BR(H →WW ∗)]Before Cuts
. (9)
The theoretically calculated efficiencies are assumed here to be independent of radiative
corrections. We evaluate the cross-sections before and after cuts by scanning over the pa-
rameters β and fWW , and since they are found to be smooth functions of these parameters
even after detector level simulations, we can parametrize them by simple polynomial func-
tions of β and fWW . The Higgs boson partial decay widths in the WW
∗, ZZ∗, γγ and
Zγ channels are also functions of these two variables, while in the rest of the channels the
partial widths are the same as in the SM. Since higher-order corrections are small in the
aforementioned bosonic channels [29], we compute them at tree level, while for all other
channels we have used the NNLO predictions from Ref. [30] for a Higgs mass of 125 GeV.
The tree-level partial widths (in GeV) in these channels are rather accurately parametrized
by the following expressions :
ΓH→WW ∗ = 8.61× 10
−4β2 + 8.51× 10−6βfWW + 2.95× 10
−8f 2WW
ΓH→ZZ∗ = 9.28× 10
−5β2 + 4.77× 10−7βfWW + 1.00× 10
−9f 2WW
ΓH→γγ = 8.59× 10
−7 − 8.04× 10−6β − 4.36× 10−6fWW
+ 1.77× 10−5β2 + 1.98× 10−5βfWW + 5.68× 10
−6f 2WW
ΓH→Zγ = 3.75× 10
−8 − 7.91× 10−7β − 5.65× 10−7fWW
+ 7.12× 10−6β2 + 1.06× 10−5βfWW + 3.82× 10
−6f 2WW (10)
For the above formulae and all subsequent ones involving fWW , we have used a reference
scale of Λ = 1 TeV, and for a different choice of the cut-off, the coefficients should be re-
scaled according to the power of fWW involved. Adding all the contributions, the total Higgs
boson width becomes
Γtot = [3.07− 7.82× 10
−3β − 4.37× 10−3fWW
+ 0.97β2 + 3.67× 10−2βfWW + 8.76× 10
−3f 2WW ]× 10
−3GeV. (11)
Similarly, the tree-level total cross-section for the VBF and VH processes at 8 TeV LHC,
before the application of selection cuts, can be expressed as follows
σpp→H+2−jets(VBF + VH) =
(
2.0432β2 − 0.0330βfWW + 0.0030f
2
WW
)
pb. (12)
By performing a scan over the (β, fWW ) parameter space, we compute the combined efficiency
(defined in equation 9) of the basic trigger level cuts on jets and leptons as well as the
subsequent ATLAS cuts listed in tables 1 and 2, and it is well-fit by the following function
ǫWW ∗+≥2−jets =
50.98β4 + 121.76β3fWW + 22.85β
2f 2WW + 0.15βf
3
WW + 0.01f
4
WW
1601.43β4 + 3796.63β3fWW + 666.79β2f 2WW − 1.98βf
3
WW + 0.73f
4
WW
.
(13)
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Figure 1: The combined efficiency of all ATLAS cuts (ǫ) as a function of fWW for different values
of β, in the H →WW ∗ → ℓ+νℓ−ν¯ channel (≥ 2-jets category) at 8 TeV LHC.
In figure 1 we show the variation of ǫWW ∗+≥2−jets as a function of fWW for different values
of β. The red (solid), green (dashed) and black (dot-dashed) curves correspond to β =
1, 0.5 and 0.1 respectively. For fWW = 0, we recover the SM efficiency (ǫSM ≃ 0.032) for all
values of β. This fact confirms our expectation that only the introduction of new Lorentz
structures changes the efficiencies, and a scaling of the SM coupling alone by the factor
β does not. However, as we can see from this figure, although the overall features of the
three curves are similar, for different values of β, the change in slopes are markedly different.
Within the range of fWW shown in this figure, for β = 0.5, the efficiency can reduce from its
SM value by upto a factor of 2.5 or more, while for β = 0.1, it can drop by upto a factor of
3.
Combining equations 9 –13, we can now evaluate the signal strength µ for the H →
WW ∗ mode in the ≥ 2-jets category, for any value of β and fWW . We emphasise that this
calculation of the signal strength takes into account all the effects of the experimental cuts,
and the resulting modification of their efficiencies compared to the SM case. This is one
of our main results. In figure 2 we show the percentage difference of ǫBSM and ǫSM in this
channel in the β − fWW plane. The ranges of the parameters have been restricted to a
region consistent at 95% C.L., with the signal strength measured in this channel by ATLAS
(µˆ = 1.66 ± 0.79) [25]. For comparison, we also show the allowed region at 95% C.L. (grey
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Colour code : (εSM - εBSM)/εSM in %.
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Figure 2: Percentage modification of the combined efficiency of all cuts compared to the SM case,
in the H → WW ∗ → ℓ+νℓ−ν¯ channel for the ≥ 2-jets category at 8 TeV LHC. Only the region
allowed at 95% C.L. after imposing the ATLAS signal-strength constraint in this channel is shown.
For comparison, we also show the allowed region at 95% C.L. (grey shaded region to the right of
the dashed curve), with the assumption ǫBSM = ǫSM.
shaded region to the right of the dashed curve), with the assumption ǫBSM = ǫSM. It is
clear that taking the efficiency modification into account significantly changes the parameter
space allowed by the measurement in this channel. As we can also see from this figure, if
this channel is considered on its own, the allowed region includes parameter points where
the change in efficiency can be as large as 60%. Therefore, in a completely rigorous global
analysis of the data, this modification should be taken into account.
5 Constraints using LHC Higgs data
In the previous section, we have seen that the operator OWW significantly modifies the
final state kinematics in the H + 2-jets channel (with H → WW ∗) and that a large region
in the β − fWW parameter space is allowed by the current ATLAS measurement in this
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particular final state. However, the signal strengths in other bosonic channels are modified
by OWW as well. In this section, we therefore study the modifications to the inclusive
H → WW ∗, H → ZZ∗ and H → γγ channels in presence of non-zero β and fWW , and
determine the most stringent possible constraints on these parameters. Before performing
a global analysis with all the data taken together, we first analyze the constraints coming
from each channel separately, in order to acquire a qualitative understanding. The signal
strengths measured by the ATLAS and CMS collaborations, and a combination of the two
experiments (assuming they are statistically independent) are shown in table 3. For the
H → WW ∗ + 2−jets channel, only the ATLAS result is available at present.
Channel ATLAS CMS Combined
H → γγ 1.55+0.33−0.28 0.77
+0.27
−0.27 1.11
+0.20
−0.20
H →WW ∗ 0.99+0.31−0.28 0.68
+0.20
−0.20 0.78
+0.16
−0.16
H → ZZ∗ 1.43+0.40−0.35 0.92
+0.28
−0.28 1.10
+0.22
−0.22
H →WW ∗ + 2−jets 1.66+0.79−0.79 NA NA
Table 3: Signal strengths measured by the ATLAS and CMS collaborations, and a combination of
the two experiments (assuming they are statistically independent) for the bosonic final states. For
the H →WW ∗ + 2−jets channel, only the ATLAS result is available at present.
A measurement of the inclusive cross-section at 8 TeV LHC in the WW ∗ channel has
also been reported by ATLAS, after unfolding all detector effects, and it is found to be (for
mH = 125 GeV) [25]
σ(pp→ H)× BR(H →WW ∗) = 6.0± 1.6 pb, (14)
which is slightly less than the expected SM cross-section (4.8± 0.7 pb), but consistent with
it within the uncertainties. We find that this measurement of the inclusive cross-section
puts a severe constraint in the β − fWW parameter space, and the 2σ allowed region after
imposing this requirement is shown in figure 3. In the allowed region, to the right of the red
(dashed) curve, fWW/Λ
2 can be in the range [−18 : 21] TeV−2, while β is restricted to the
range [0.75 : 1.0]. As we can see from equation 10, the relative magnitudes of the β2, βfWW
and f 2WW terms are similar for both ΓH→WW ∗ and ΓH→ZZ∗. Therefore, their deviations from
the SM will restrict β and fWW in a similar range as well, especially since the signal strength
measurements in both these channels have similar errors at the moment. Hence, we do not
show the effect of the ZZ∗ channel separately, although it is included in our global fit to the
data in bosonic channels.
As seen in equation 7, OWW also affects the Hγγ coupling, and therefore, the inclu-
sive signal-strength measured in this channel. Since gluon fusion is the dominant produc-
tion mechanism for this mode, and we do not find significant deviations in the kinematics
if the momentum-dependent couplings appear only in the decay vertices, an appreciable
change in the cut-efficiency factor is not expected for this channel, and we do not include
a modified ǫBSM . In figure 3, along with the inclusive total cross-section constraint in
11
σ × BRh → WW* (ATLAS) 2-σ constraint
μγ γ (ATLAS-CMS combined) 2-σ constraint
TeV2
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Figure 3: 2σ allowed regions in the β−fWW parameter space, after imposing the inclusive σ(pp→
H)×BR(H →WW ∗) cross-section measurement by ATLAS (to the right of the red dashed curve),
and the combined ATLAS and CMS signal strength constraint in the γγ channel (blue-shaded
bands).
the WW ∗ channel discussed above, we show the 2σ region, allowed by the combined sig-
nal strength measurement by ATLAS and CMS, µˆγγ = 1.11 ± 0.2. Only the two blue-
shaded regions are allowed by the current data, restricting the values of fWW to two narrow
bands. For example, for β = 1 the allowed values of fWW/(1 TeV
2) are in the two sub-
regions [−3.05,−2.46] and [−0.25, 0.35]. It is interesting to note that the intermediate region
−2.46 < fWW/(1 TeV
2) < −0.25 is not allowed by the 2σ constraint. This is because, from
equation 10, we can see that ΓH→γγ has a minimum at f = −1.36 for β = 1. Therefore, in
this intermediate region around the minimum, the signal strength becomes lower than the
2σ allowed lowest value. Similarly, for β = 0.1, the allowed ranges for fWW/(1 TeV
2) are
[−1.39,−0.85] and [1.24, 1.80], and the minimum of ΓH→γγ is at f = 0.21. Since the operator
OBB modifies the Hγγ coupling in exactly the same form as OWW (see equation 7), these
constraints on fWW from the γγ data also apply to fBB . The modified cut efficiencies in the
V H channel in presence of OBB are studied in section 6.
As we can see from equation 10, for the γγ partial width, the contribution from OWW is
comparable in magnitude to the loop-induced W-boson contribution, and therefore, values
12
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Figure 4: 68% and 95% C.L. allowed regions in the β − fWW parameter space, after performing a
global fit using the data in all bosonic channels given in table 3. The best-fit and SM points are
also shown.
of β as small as 0.1 with |fWW/(1 TeV
2)| < 2 are allowed by this constraint. This is not true
for the WW ∗ inclusive cross-section constraint, where, the SM-like term contributes 2 orders
of magnitude higher (see ΓH→WW ∗ in equation 10), thereby restricting β to 0.75. Therefore,
by comparing the γγ and WW ∗ inclusive constraints taken separately, we can learn that
while large values of fWW is disallowed by the former, small values of β are ruled out by
the latter. A combination of all the constraints brings us to the global analysis using the
data in the bosonic channels (see table 3), the result of which is presented in figure 4. The
constraints on each of the parameters coming from the global fit is now easily understood
in terms of the arguments given above. The best fit point corresponds to β = 0.97 and
fWW/(1 TeV
2) = −2.72, which are very close to the SM point. However, there is still a
small room for new physics effects described by OWW and β, as can be seen from the allowed
regions at the 2σ level. We also show in figure 5 the ∆χ2 distributions as a function of fWW
and β, after marginalizing over β and fWW respectively. From this figure, we obtain the
allowed range for β as
0.8 ≤ β ≤ 1.0 95% C.L.,marginalized over fWW . (15)
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Figure 5: ∆χ2 distributions as a function of fWW (left) and β (right), after marginalizing over β
and fWW respectively. The allowed ranges at 68% and 95% C.L. are also shown by the horizontal
dashed lines.
Similarly, the allowed range for fWW is found to be
fWW
TeV−2
∈ [−3.02,−2.31] ∪ [−0.20, 0.48] 95% C.L.,marginalized over β. (16)
As far as the dimension-six operator OWW is concerned, this bound tells us that for a
suppression scale Λ = 1 TeV, the co-efficient fWW cannot be smaller than ∼ −3, or, in
other words, if fWW = O(1), Λ & 600 GeV. This result is consistent with the present LHC
direct search bounds on the mass of new coloured or uncoloured particles charged under the
electroweak gauge group.
Two points are worth mentioning here. Firstly, it is true that the apparently allowed
range of fWW after fitting the data suggest rather modest change in cut efficiencies due
to the presence of the additional operator. Still we consider the general demonstration
of altered efficiencies over a range of the parameter space, quite substantially different in
some cases, to be useful. Such altered efficiencies may plague our results, if, for example,
overconstraining of fWW has taken place because of event migration. Moreover, in our global
fit, we could only include the modified cut efficiencies in the WW ∗+ ≥ 2−jets channel, and
not in the other important bosonic channels like γγ, ZZ∗ and WW ∗ (inclusive), as the
detailed information on the cut-flows for the latter channels are not yet presented by the
experimental collaborations. Thus the 95% C.L. allowed regions obtained by a global fit
with our current set-up is very similar to the region obtained using SM efficiencies. Once the
detailed information of experimental cut-flows in all channels is available, our method can be
extended to perform a fully rigorous global analysis. Secondly, even within the ‘apparently
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allowed’ range, it is worthwhile to look for modification in kinematic distributions due to
the additional operators. For example, variables used in Boosted Decision Trees (BDT) can
still bear the stamp of the higher-dimensional operators, as we shall see in section 7.
6 Associated production and higher dimensional oper-
ators
In section 4, we studied the change in efficiencies of the cuts used by ATLAS in the H →
WW ∗ channel (≥ 2-jet category), in presence of non-zero β and fWW . These cuts were
tailored to primarily select V BF events. In this section, we study the modification of cut-
efficiencies in the associated production (VH) channel, in presence of OWW as well as OBB,
taking their effects one at a time. As the operator OBB only modifies the HZZ and Hγγ
vertices, but not the HWW vertex (see equations 6, 7), its effect in the V BF channel is not
significant3. We do not show the modification of efficiencies for the H → ZZ∗ channel in
the VH category, mainly because the cuts given in the corresponding experimental papers
are not so transparently provided when compared to the WW ∗ and γγ final states.
Thus we focus here on the V H production of Higgs, where the Higgs decays to two
photons and the vector boson (W or Z) decays hadronically. We closely follow the cuts used
by ATLAS (see table 4) and study modifications to their efficiencies. The photon isolation
criteria have been required to be ∆Rγγ ≥ 0.3, ∆Rγj ≥ 0.4 and ∆Rγl ≥ 0.4, where j and
l denote jets and leptons (e, µ), and ∆Rij =
√
(ηi − ηj)2 + (φi − φj)2, η and φ being the
pseudorapidity and azimuthal angle respectively. In addition, a photon is considered isolated
only if the total transverse energy around it in a cone of size ∆R = 0.4 is less than 6 GeV.
For further details on the cuts, we refer the reader to references [7, 31].
100 GeV < mγγ < 160 GeV
60 GeV < mjj < 110 GeV
|∆yjj| < 3.5
|∆ηγγ,jj| < 1
pTt > 70 GeV
4
Table 4: Cuts used for the V H channel with H → γγ and V → jj in the low mass two-jet category
(ATLAS). See references [7, 31] for details.
3In the SM, the WW-fusion diagram contributes roughly 3 times to the VBF Higgs production cross-
section, compared to the ZZ-fusion diagram, while the interference term is negligible (∼ 1%) [29].
4pTt is the diphoton transverse momentum orthogonal to the diphoton thrust axis in the transverse plane,
as defined later in section 7.
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As in equation 9, we define the efficiency for this channel as a function of β and f (fWW
or fBB) as
ǫγγ+2−jets(V H)(β, fWW/BB) =
[σ(pp→ H)VH,V→jj × BR(H → γγ)]After Cuts
[σ(pp→ H)VH,V→jj × BR(H → γγ)]Before Cuts
. (17)
By performing a scan over the (β,fWW/BB) parameter space, we obtain the combined effi-
ciencies (for OBB and OWW ) of the isolation cuts and the ATLAS cuts in table 4 and they
are well fit by the following functions :
ǫγγ+2−jets(V H)(β, fBB) =
(3.75β2 + 2.66βfBB + 0.47f
2
BB)× (0.15 − 1.34β + 0.01fBB − 1.22β
2 − 0.05βfBB − 1.3× 10
−11f2BB)
(5.20β2 + 3.68βfBB + 0.65f2BB)× (2.05 − 18.76β + 0.06fBB − 17.57β
2 − 0.65βfBB − 1.4× 10−10f2BB)
,
(18)
ǫγγ+2−jets(V H)(β, fWW ) =
(15.46β2 − 1.33βfWW + 0.05f
2
WW )× (0.03 − 0.35β + 0.05fWW − 8.88β
2 + 61.25βfWW − 15.31f
2
WW )
(0.64β2 − 4.12βfWW + 1.03f2WW )× (−1.33 + 11.22β + 0.22fWW − 4346.94β
2 + 392.44βfWW − 14.86f2WW )
.
(19)
In equations 18 and 19, the denominator and the numerator represent σV Hprod×B.R.(H → γγ),
before and after all the cuts respectively, and some common numerical factors between the
two, like the total Higgs decay width have been cancelled out.
In figures 6 and 7, we show the variation of ǫγγ+2−jets(V H) as a function of fBB and fWW
respectively for different values of β. The red (solid), green (dashed) and black (dot-dashed)
curves correspond to β = 1, 0.5 and 0.1 respectively. For fBB = 0 or fWW = 0 we recover
the SM efficiency (ǫSM ∼ 0.053) in both the cases for all values of β. Within the range of
fBB shown in figure 6, the efficiency for β = 0.5 can change from its SM value by upto 8.7%,
while for β = 0.1, it can increase by upto 19.7%. On the other hand, for the range of fWW
shown in figure 7, for β = 0.5 (β = 0.1), the efficiency can increase from its SM value by
upto 14.7% (13.9%). Thus our overall conclusion is that the modification of cut efficiencies
in the VH production mode is in general less pronounced than in the VBF Higgs production
with H →WW ∗.
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Figure 6: The combined efficiency of all ATLAS cuts (ǫ) as a function of fBB for different values
of β, in the H → γγ channel (VH category) at 8 TeV LHC.
7 Modification to kinematic distributions : examples
Since the modifications of cut efficiencies discussed so far originate from changes in kinematic
distributions, in this section, we explore some of these distributions in the presence of higher
dimensional operators. Study of differential distributions is the next step in experimental
analysis of the Higgs sector, and preliminary results with the current data have already
been presented in Ref [32]. As an example we choose the diphoton channel in the VBF
category [7, 31], and consider the operator OWW for illustration. All the distributions are
shown after applying the standard trigger and isolation cuts for jets and photons. The
kinematic variables considered are :
1.
√
~pTj1 · ~pTj2, where j1 and j2 are the two tagged jets ordered in terms of their transverse
momenta.
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Figure 7: The combined efficiency of all ATLAS cuts (ǫ) as a function of fWW for different values
of β, in the H → γγ channel (VH category) at 8 TeV LHC.
2. |∆ηj1j2 | = |ηj1 − ηj2 |.
3. The invariant mass of the two tagged jets, mj1j2. For this as well as the distributions
listed below, the cut |∆ηj1j2 | > 2.8 (see Ref. [33]) is imposed.
4. pTt = |~p
γγ
T × tˆ|, where tˆ =
~pγ1
T
−~pγ2
T
|~pγ1
T
−~pγ2
T
|
is the transverse thrust, ~pγ1T , ~p
γ2
T are the transverse
momenta of the two isolated photons and ~pγγT = ~p
γ1
T + ~p
γ2
T is the transverse momentum
of the diphoton system [7, 31]. This and the subsequent distributions are subjected to
the cuts mj1j2 > 400 GeV and ∆φγγ,j1j2 > 2.6, where ∆φγγ,j1j2 is the azimuthal angle
separation between the diphoton system and the system of the two tagged jets. The
criterion of no hadronic activity in the rapidity gap between the two tagged jets is also
imposed [33].
5. η∗ = ηγγ −
ηj1+ηj2
2
, where ηγγ is the pseudorapidity of the diphoton system.
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6. ∆Rγjmin is the minimal ∆R between a photon and a tagged jet.
The last five kinematic variables form a subset of the inputs for the Boosted Decision Tree
(BDT) employed by ATLAS for studying this channel [7, 31].
Figure 8 shows the normalised distributions in the above six variables for β = 1 and
fWW = 0,±10 at the 8 TeV LHC. The values fWW = ±10 are chosen for illustrative
purpose only, since, as seen in section 5, although they are allowed by the LHC data in the
WW ∗ channel, the current measurement in the γγ channel restricts fWW to smaller values.
Therefore, in figure 9 we show the aforementioned distributions in the SM, and for the
parameters {β, fWW} = {0.8,−3} the latter being within the 2σ allowed range of the global
fit (see figure 5). For both the above figures, the cut-off scale has been chosen as Λ = 1 TeV.
We note that the distributions of |∆ηj1j2| have two peaks. The peak at |∆ηj1j2| = 0 is due to
VH contamination. Moreover, the relative heights of the two peaks change on introducing
higher dimensional operators.
8 Summary
We have considered some illustrative dimension-6 operators for HV V interactions, and
their potential contributions to the Higgs data, in conjunction with the SM-like operators.
Parametrizing the strength of the additional interactions by f (fWW/fBB), and the simul-
taneous modification to the SM-like couplings to W and Z bosons by β, we show, after a
detailed cut-based Monte Carlo analysis, how the efficiencies of different acceptance cuts
are altered for various values of f and β. We find that in general there can be substantial
modification of this kind, which underscores the importance of a detailed study of the effect
of all such additional operators on the kinematics of various final states. When one further
imposes the constraints on the (f, β) space as resulting from a global fit of the LHC data
available till date, the f -parameters are in general restricted to rather modest values while
β is restricted to be in the range [0.8, 1]. Thus the effects of cuts in the diboson channels
may not be drastically different, unless there is ground for relaxing their constraints. In
general, the V BF channel is more sensitive to the higher-dimensional operators than the
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Figure 8: Normalised distributions in various kinematic variables for 8 TeV LHC, top row :√
~pTj1 · ~pTj2 (left) and |∆ηj1j2 | (right); middle row : mj1j2 (left) and pTt (right); bottom row :
η∗ (left) and ∆Rγjmin (right), for the parameter points {β = 1, fWW = 0} (shaded blue region),
{β = 1, fWW = 10} (solid red line) and {β = 1, fWW = −10} (solid green line). The cut-off scale
chosen is Λ = 1 TeV.
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Figure 9: Normalised distributions in various kinematic variables for 8 TeV LHC, top row :√
~pTj1 · ~pTj2 (left) and |∆ηj1j2 | (right); middle row : mj1j2 (left) and pTt (right); bottom row :
η∗ (left) and ∆Rγjmin (right), for the parameter points {β = 1, fWW = 0} (shaded blue region) and
{β = 0.8, fWW = −3} (solid red line). The cut-off scale chosen is Λ = 1 TeV. Both the parameter
points are allowed by the current data at 95% C.L.
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gluon-fusion and V H production modes. We also present several kinematic distributions,
some of which are used in BDT analyses, which can potentially bring out signatures of the
new operators, even with moderate strength.
It should be remembered here that our analysis is purely phenomenological and data-
driven; the assumption of any specific ultraviolet (UV) completion is deliberately avoided.
In a specific UV completion scheme, more than one higher-dimensional operator relevant at
the LHC scale may be generated, which can affect some of our conclusions. For example,
with additional operators present, a situation as restrictive as indicated by figure 3 may not
arise due to the accidental cancellation of different contributions. However, studying one
operator at a time gives us valuable insight on how it typically affects various observables
in the Higgs sector — an insight that is lost in the introduction of all operators of a given
dimension simultaneously. In this spirit, we have explored two operators which can most
significantly modify the interaction of the Higgs with a pair of electroweak gauge bosons.
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